Silibinin, derived from the milk thistle plant, Silybum marianum, has been traditionally used as an antihepatotoxic agent for the treatment of liver disease. Our preliminary study demonstrated that silibinin has protected rat cardiac myocytes against beta-adrenergic agonist isoproterenol-induced injury through resuming mitochondrial function and regulating the expression of SIRT1 and Bcl-2 family members. In this study, we investigate whether silibinin has anti-apoptotic effect on isoproterenol-treated rat cardiac myocytes. DNA damage, detected by the TUNEL and DNA fragmentation assay, was diminished after treatment of silibinin. Results of nitrite and Western blot assays showed that the amount of NO and the expression of iNOS were decreased after treatment with silibinin, while the expression of procaspase-3 and digestion of caspase-3 substrates, the inhibitor of caspase-activated DNase (ICAD) and poly-(ADP-ribose) polymerase (PARP), were increased simultaneously. The DNA damage was reversed by down-regulation of p53 phosphorylation after treatment with silibinin. Result of flowcytometric analysis showed that the cell cycle was not affected, and the expression of cell cycle regulatory protein p21 also had no change. Consequently, silibinin protected cardiac myocytes against isoproterenol-induced DNA damage through caspase pathway and the expression of p53, but independent on regulation of cell cycle.
Apoptosis, or programmed cell death, is a central feature of normal tissue development in the fetus and cell replacement in certain adult tissues. 1, 2) In contrast to swelling and membrane rupture associated with necrosis, apoptotic cells shrink and maintain their membrane integrity. The hallmarks of apoptosis include cell shrinkage, membrane blebbing, chromatin condensation, and DNA fragmentation.
3) Apoptotic cells are phagocytosed by neighboring cells, effectively removing unwanted cells without an inflammatory response. 4, 5) Although adult cardiac myocytes are terminally differentiated and have lost their ability to divide, accumulating evidence suggests that these cells can undergo apoptosis in vivo in various animal models of heart failure. 6) Since the functional aspects of the failing myocardium are impaired in proportion to the reduction in the myocyte fractional area, the apoptosis of myocytes may play a significant role in the deterioration of cardiac function. Therefore, the identification of the signaling pathways that mediate cardiac myocyte cell death and survival is critical to the elucidation of the molecular basis of cardiac muscle failure.
The control of programmed cell death is dependent on a balance between inhibitors and inducers of apoptosis. Since a number of neurohormonal factors are activated in congestive heart failure, 7, 8) they may play positive and negative roles in regulating myocardial cell apoptosis. Norepinephrine is one such factor, the elevation of which in plasma closely correlates with the severity and poor prognosis of heart failure. 8) It was recently shown that norepinephrine can induce apoptosis in cardiac myocytes in vitro. 9) Silibinin ( Fig. 1) is a polyphenolic flavanoid derived from fruits and seeds of milk thistle (Silybum marianum) which has been clinically used as an antihepatotoxic agent for many liver diseases. 10, 11) Silibinin exhibits strong antioxidant activity, 12, 13) in addition to anti-inflammatory, cytoprotective and anti-carcinogenic effects. 14) Cysteine-dependent aspartate-specific proteases (caspase) have been demonstrated to be crucial mediators in apoptotic pathway. Caspases are divided into two groups: initiator caspases (such as caspase-8 and caspase-9) whose main function is to activate downstream caspases, and executor caspases (such as caspase-3), which mediate apoptosis by proteolysis of specific substrates including inhibitor of caspase-ativated DNase (ICAD) and anti-apoptotic protein, Bcl-2. [15] [16] [17] Poly ADP ribose polymerase (PARP), one of the substrates of caspase-3, is cleaved into 85 kDa fragment by caspase-3. It detects and binds to DNA strand breaks and functions in transcription and DNA repair. 18) DNA damage, one hallmark of apoptosis, can increase the level of p53 expression. Depending on the cell types, elevated p53 after DNA damage results in either growth arrest or apoptosis. 19) In our preliminary study, silibinin efficiently protected beta-adrenergic agonist isoproterenol-induced rat neonatal cardiac myocytes injury. Thus, the present study is conducted to determine whether isoproterenol-induced injury is due to apoptosis. And to further examine the molecular mechanism of silibinin's effect on isoproterenol-induced rat cardiac myocyte apoptosis, the expression of apoptosis-related proteins were examined.
MATERIALS AND METHODS

Reagent
Silibinin was obtained from the Beijing Institute of Biologic Products (Beijing, China). Hoechst 33258, RNase A, Proteinase K, isoproterenol, collagenase II, 3-(4,5-dimetrylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 3,3-diaminobenzidine tetrahydrochloride (DAB) were purchased from Sigma Chemical (St. Louis, MO, U.S.A.).
Fetal bovine serum (FBS) was from Tianjin TBD (Tianjin, China). Dulbecco's modified eagle medium (DMEM) was from Hyclone (Logan, UT, U.S.A.). Rabbit polyclonal antibodies against ICAD, PARP, caspase-3, mouse monoclonal antibody against iNOS, and horseradish peroxidase-conjugated secondary antibodies (goat anti-rabbit and goat antimouse) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.).
Cell Culture Primary ventricular cardiac myocytes were prepared as previously described. 20) Briefly, hearts from oneto 2-d-old Sprague-Dawley rats were removed, the ventricles were pooled, and the ventricular cells were dispersed by digestion with collagenase II. The cells were preplated for 1 h to enrich the culture with myocytes (90 to 95% of cells after this step). Then cells were cultured in media consisting of high glucose Dulbecco's Modified Eagle Medium, 2 mM Lglutamine (GIBCO, Grand Island, NY, U.S.A.), penicillin (100 U/ml), streptomycin (100 mg/ml) and 10% (v/v) fetal bovine serum at 37°C, 5% CO 2 in a humidified atmosphere.
Terminal Deoxynucleotidyl Transferase-Mediated Dutp Nick End-Labeling (TUNEL) Assay The TUNEL Assay was used for detection of DNA strand breaks. The detection was carried out according to the instructions of TACS TM 2 TdT-DAB In Situ Apoptosis Detection Kit. Briefly, the cells were rinsed once with PBS and fixed in 3.7% buffered formaldehyde at room temperature for 10 min. The fixed sections were pretreated with 10% H 2 O 2 , and end-labeling was performed with TdT labeling reaction mix for 37°C for 1 h. Nuclei exhibiting DNA fragmentation were visualized by incubation in 3,3-diamino benzidine (DAB) for 7 min. Lastly, the sections were counterstained with methyl green and observed by light microscopy. The nuclei of apoptotic cells were stained dark brown; TUNEL-positive cardiac myocytes were determined by randomly counting 100 cells.
Nuclear Damage Observed by Hoechst 33258 Staining Cardiac myocytes were plated in the wells of a 6-well plate at a density of 5ϫ10 4 cells per well. After 48-h cell culture, they were incubated for 48 h with silibinin (0-0.7 mM) and with or without isoproterenol (10 mM), then washed with PBS and fixed with 3.7% paraformaldelyde for 2 h at room temperature. The cells were washed and centrifugated at 250ϫg for 5 min, then stained with Hoechst 33258 (167 mM) at 37°C for 10 min. Apoptotic cells were identified as cells with condensed and fragmented nuclei using fluorescence microscopy (Leica, Wetzlar, Germany).
21)
DNA Fragmentation Assay Cardiac myocytes (1ϫ10 6 cells) were harvested and centrifuged at 150ϫg for 5 min and then washed with PBS. The cells were pelleted and suspended in 10 mM Tris (pH 7.4), 10 mM EDTA (pH 8.0), and 0.5% Triton X-100 and maintained at 4°C for 10 min. The supernatant was incubated with 20 mg/ml RNase A (2 ml) and 20 mg/ml proteinase K (2 ml) at 37°C for 1 h, then stored in 0.5 NaCl (20 ml) and ispropanol (120 ml) at Ϫ20°C overnight, and centrifuged at 15000ϫg for 15 min. DNA was dissolved in TE buffer [10 mM Tris (pH 7.4), 10 mM EDTA (pH 8.0)] and subjected to 2% agarose gel electrophoresis at 50 V for 40 min and stained with ethidium bromide.
Nitrite Assays Accumulation of nitrite (NO 2 Ϫ ) in the culture supernatants, an indicator of NO synthase activity, was measured by Griess reaction. Fifty-microliter-culture supernatants were mixed with 50 ml Griess reagent (part I: 1% sulphanilamide; part II: 0.1% naphthylethylene diamide dihydrochlride and 2% phosphoric acid) at room temperature. Fifteen minutes later, the absorbance was determined at 540 nm using the SPECTRA (shell) Reader. Nitrite concentration was calculated with reference to a standard curve of sodium nitrite generated by known concentrations.
Cell Growth Assay The cells were dispensed in 96-well flat-bottomed microtiter plates (NUNC, Roskilde, Denmark) at density of 5ϫ10 5 cells/well. After 48 h incubation, they were treated with caspase-9 inhibitor (AcLEHD-CHO), caspase-3 inhibitor (z-DEVD-fmk) for 2 h, isoproterenol (10 mM) and/or silibinin (0.5 mM) were added and cultured for 48 h. The viability was calculated as follows:
Western Blot Analysis After incubation for 48 h, both adherent and floating cardiac myocytes were collected. Western blot analysis was carried out as previously described 22) with some modification. The cells were lysed on ice in lysis buffer [50 mM HEPES (pH 7.4), 1% Triton X-100, 2 mM sodium orthovanadate, 100 mM sodium fluoride, 1 mM EDTA, 1 mM EGTA, 1 mM phenylmethanesulfonyl fluoride (PMSF)], supplemented with the proteinase inhibitors aprotinin 100 mg/ml, leupeptin 10 mg/ml and pepstatin 100 mg/ml for 1 h. The protein concentration was determined using the folin assay. The lysate was centrifugated at 16000ϫg at 4°C for 10 min, equal amounts of total proteins were mixed in 2ϫloading buffer [50 mM Tris-HCl (pH 6.8), 2% SDS, 10% 2-mercaptoethanol, 10% glycerol, and 0.002% bromphenol blue], boiled for 5 min, and subjected to a 12% SDS-polyacryamide gel eletrophoresis. Proteins were electrotransferred onto nitrocellulose membranes and detected with antibodies against ICAD, PARP, caspase-3, iNOS, p53, p-p53, p21 followed by the addition of horseradish peroxidase (HRP)-conjugated secondary antibodies and 3,3-diaminobenzidine tetrahydrochloride (DAB) as the HRP substrate.
Flowcytometric Analysis of Cell Cycle Cardiac myocytes (1ϫ10 6 cells) were harvested and washed once in cold HBSS. The cell pellets were fixed in 75% ethanol at 4°C overnight and washed in cold HBSS. Then the pellets were suspended in 1 ml of PI solution containing PI 50 mg/ml, 0.1% (w/v) sodium citrate, and 0.1% (v/v) Triton X. Cell samples were incubated at 4°C in the dark for at least 15 min and analyzed using a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, U.S.A.).
Statistical Analysis All data represent at least three independent experiments and are expressed as meanϮS.D., un-less otherwise indicated. Statistical comparisons were made using Student's t-test. p-Values of less than 0.05 were considered to represent a statistically significant difference.
RESULTS
Protective Effect of Silibinin on Isoproterenol-Induced Apoptosis in Rat Cardiac Myocytes
To determine the features of cardiac myocytes death, TUNEL assay was carried out. Treatment of cardiac myocytes with isoproterenol (10 mM) for 48 h induced the TUNEL-positive cell ratio up to 40.1Ϯ2.7%. In the presence of silibinin (0.5 mM), the numbers of apoptotic cells decreased to 8.9Ϯ1.7% (Table 1) .
These results demonstrated that silibinin could protect cardiac myocytes against isoproterenol-induced apoptosis .
Protective Effect of Silibinin on DNA Damage The morphologic changes in cell nuclei and DNA fragmentation were examined. When the cells were incubated for 48 h after isoproterenol (10 mM) treatment, condensed nuclei in cell nuclei were observed (Fig. 2b) compared to the untreated control (Fig. 2a) , which is characteristic of apoptosis. After incubation for 48 h, cardiac myocytes exhibited DNA fragmentation, another hallmark of apoptosis. The silibinin treated group had no obvious difference with control group (Fig. 3) . These results demonstrated that silibinin can rescue isoproterenol-induced DNA damage in cardiac myocytes.
Effect of Silibinin on the Intracellular NO Superoxide anions react with NO to form peroxynitrite (ONOO Ϫ ) and damage cells. As shown in Table 2 , the level of NO 2 Ϫ /NO 3 Ϫ was significantly increased by isoproterenol-treatment for 48 h, while reduced after silibinin pretreatment.
Increased production of nitric oxide (NO) after induction of inducible nitric oxide sythase (iNOS) has been implicated in the pathophysiology of myocardial dysfunction. iNOS, normally not present in untreated primary cultures, was detected at 48 h by isoproterenol (10 mM) exposure. After incubation with silibinin, the expression of iNOS was significantly decreased (Fig. 4) . 
Involvement of Caspases in the Protective
Effect of Silibinin on DNA Damage Viability assay and Western blotting were carried out to confirm the involvement of caspases and their substrates in silibinin-treated cardiac myocytes with isoproterenol exposure. Treatment with 20 mM caspase-9 inhibitor (z-LEHD-fmk), 20 mM caspase-3 inhibitor (z-DEVDfmk) or 20 mM PARP inhibitor (DPQ) significantly reversed isoproterenol-induced apoptosis (Fig. 5) . Since the results suggested that isoproterenol induced cell apoptosis via caspase-dependent mechanism, the expressions of caspase-3, the substrates PARP and ICAD were examined. As the results shown, procaspase-3, PARP, and ICAD were decreased, indicating that PARP and ICAD were cleaved by caspase-3 after isoproterenol-treatment. However, the expression of procaspase-3 and cleavage of PARP and ICAD were significantly inhibited by silibinin at 48 h (Fig. 6) .
The level of p53 expression has also been shown to increase after treatment, resulting in increased DNA damage. Western blot analysis was carried out to detect the changes of p53 and phosphorylated p53 expression after treatment with or without silibinin. As shown in Fig. 7 , the expression of p53 and phosphorylation of p53 showed significant decrease in the silibinin-treated group compared to isoproterenol alone treatment.
Independent on Regulation of Cell Cycle The p53 tumor suppressor protein is one of the key regulatory molecules in both the G 1 and G 2 stage arrest in response to DNA damage. 23) p21 is activated by p53 and p21 plays an important role in halting the cell cycle.
24) The result of Western blotting showed that the expression of p21 was not affected (Fig. 7) . Sub-G 0 /G 1 phase peak declined by silibinin treatment, but the cellular populations in the G 0 /G 1 , G 2 /M, and S phase had no changes in flowcytometry (Fig. 8) .
DISCUSSION
It has been known that apoptosis is one cause of some agerelated diseases, such as Alzheimer's disease, amyotrophic lateral sclerosis and heart failure. Thus, we tried to find active compounds in Chinese herbal medicines which could inhibit disease-associated cell apoptosis or protect cells from death. Adult cardiac muscle cells are terminally differentiated and have lost their proliferative capacity. As a result, cardiac muscle cell survival is critical for the maintenance of normal cardiac function.
Based on the results from TUNEL assay and the observations of morphologic changes in cellular nuclei, isoproterenol obviously induced apoptosis in cardiac myocytes and silibinin effectively reduced isoproterenol-induced cardiac myocytic apoptosis in vitro in a dose-dependent manner. DNA fragmentation assay also demonstrated that silibinin was an anti-apoptotic reagent for cardiac myocytes against isoproterenol-treatment.
Increased production of nitric oxide (NO) after induction of inducible nitric oxide synthase (iNOS or NOS2) has been implicated in the pathophysiology of myocardial dysfunction The cells were incubated with silibinin for 1 h prior to the treatment with isoproterenol (10 mM), then continued to be incubated for 48 h. Cell lysates were separated by 8% SDS-PAGE, and expression of iNOS was detected by Western blot analysis. The cells were incubated with silibinin for 1 h prior to the treatment with isoproterenol (10 mM), then continued to be incubated for 48 h. The cell lysates were separated by 12% SDS-PAGE, and expression of caspase-3, PARP and ICAD was detected by Western blot analysis.
Fig. 7. Involvement of p53 and p21 in Silibinin-Protected Cardiomycytes Injury
The cells were incubated with various concentrations of silibinin for 1 h prior to the treatment with isoproterenol (10 mM), then continued to be incubated for 48 h. The changes of p53, p-p53 and p21 expression were detected. of a number of syndromes. 25, 26) In the presence of adequate levels of cofactors (heme, tetrahydrobiopterin) and substrates (O 2 and L-arginine), high levels of NO production can be achieved after iNOS induction. 27, 28) NO may trigger apoptotic and necrotic cell death via the production of ONOO Ϫ . As a powerful oxidant, ONOO Ϫ not only degrades to toxic hydroxyl radicals, but also induces nitration of proteins and in consequence, causes DNA damage and DNA strand breaks. It was reported that addition of SOD/catalase could decrease the level of NO. 29) Our preliminary study demonstrated that silibinin could markedly increase the activity of SOD. Thus the decrease of NO in silibinin-treated cardiomyocytes might be through the activation of SOD. Furthermore, the expression of iNOS was markedly augmented after isoproterenoltreatment, but this increase was obviously reversed by silibinin treatment, which could decrease the production of NO.
It has been reported that caspase family proteases play an essential role in the process of apoptosis. 30) Activation of procaspase-9 is initiated upon the release of certain mitochondrial proteins, such as cytochrome c, from the mitochondrial intermembrane space. 31) Released cytochrome c binds to the protein Apaf-1 and triggers the assembly of apoptosome, a multimeric protein complex that contains seven Apaf-1 and cytochrome c complexes. The apoptosome subsequently recruits procaspase-9 to the complex and exerts its activity. Once recruited, procaspase-9 acquires catalytic competency, proteolytically cleaved, and activates the effector caspases (caspase-3, -6, -7), a process that culminates in apoptotic cell death. Caspase-3 is localized near the nuclei and cleaves its substrates (such as ICAD and PARP) at the downstream end of the cascade, resulting in activation of CAD and executing nuclear internucleosomal DNA fragmentation. 32) ICAD has two isoforms: M t 45000 (ICAD-L/DFF45) and M t 35000 (ICAD-L/DFF35). Both isotypes bind and inhibit CAD activity. But only M t 45000 (ICAD-L/DFF45) is reported to be functional. PARP, one of the substances of caspase-3, is cleaved into 85 kDa fragment by caspase-3. The results of this study showed that silibinin induced higher ICAD-L/DEF45 expression in isoproterenol-treated cells, which caused inactivation of CAD and protected cells from apoptosis. The cleavages of PARP was significantly inhibited by silibinin.
The p53 protein, the product of the tumor suppressor gene p53, is a regulator of cell cycle progression and apoptosis in various cell lines. A large body of data documented that the key roles of p53 were regulation of cell cycle checkpoints such as DNA repair and apoptosis. 33) DNA damage leads to stabilization and activation of p53 and also leads to a transcriptional induction of p53 target genes. One of the p53 target genes is the p21, an inhibitor of cyclin-dependent kinases regulating the G 1 checkpoint.
34) The tumor-suppressor protein p53 triggers G 1 arrest in the presence of growth factors, and induces apoptosis, which is associated with an increase in Bax in cells deprived of growth factor stimulation. 35) In this study, the expression of phosphor-p53 (p-p53) was upregulated by isoproterenol, whereas the expression of downstream p21 had no change. Furthermore, the result of flowcytometric analysis showed no cell cycle arrest. The Bax gene is also activated in response to p53 and this gene has been directly implicated in the induction of apoptosis by p53. 36) In our preliminary study, the increased level of Bax in the mitochondria by isoproterenol-treatment was attenuated by silibinin treatment, which was corresponding to the change of p53. Thus, diminished phosphorylation of p53 plays an important role in sustaining cell survival after treatment of silibinin, but has no effect on the regulation of cell cycle. We showed that the increase in p53 was not associated with the induction of p21 when isoproterenol-induced rat cardiac myocytes apoptosis was evident, suggesting that such apoptosis did not require G 1 arrest.
In summary, silibinin protected rat cardiac myocytes from isoproterenol-induced DNA lesion by the change of p53 and caspases. Subsequently, the cleavages of down-stream ICAD and PARP were blocked, supporting cell survival. The PI3-K family are major signal transducers of DNA damage, 37) therefore, our future study will be focused on the examination the upstream regulatory signals and other apoptosis-related pathways.
